Gait asymmetry during unobstructed walking in people with parkinson's disease (pD) has been well documented. However, under complex situations, such as environments with double obstacles, gait asymmetry remains poorly understood in PD. Therefore, the aim of this study was to analyze inter-limb asymmetry while crossing a single obstacle and double obstacles (with different distances between them) in people with PD and healthy older adults. Nineteen people with PD and 19 healthy older people performed three conditions: (i) walking with one obstacle (Single); (ii) walking with two obstacles with a 50 cm distance between them (Double-50); (iii) walking with two obstacles with a 108 cm distance between them (Double-108). The participants performed the obstacle crossing with both lower limbs. Asymmetry Index was calculated. We found that people with PD presented higher leading and trailing toe clearance asymmetry than healthy older people. In addition, participants increased asymmetry in the Double-50 compared to Single condition. It can be concluded that people with PD show higher asymmetry during obstacle crossing compared to healthy older people, independently of the number of obstacles. In addition, a challenging environment induces asymmetry during obstacle crossing in both people with pD and healthy older people.
with PD present increased gait asymmetry during single obstacle crossing compared to unobstructed walking. In addition, environments with double obstacles are typically performed during daily life activities 18, 19 and may reflect a more complex task. Therefore, understanding how asymmetry can be affected by more than one obstacle in the travel path is necessary.
Environments with double obstacles accentuate the motor impairments of PD during walking 20 . One possible explanation for this may be associated with the asymmetrical role of both legs. During obstacle crossing, one leg steps over the obstacle first (leading limb), followed by the other leg (trailing limb). Furthermore, when manipulated, the different roles (leading and trailing) between limbs can also be associated with a more highly asymmetric gait, a consequence of forcing the subjects to use the non-preferred/more affected limb to perform a different role during double obstacle avoidance. Remarkably, the adaptability of gait during obstacle negotiation seems to be related to the distance to the second obstacle 19, 21 . For instance, Krell and Patla 21 showed that foot position before the obstacle is regulated by the location of the second obstacle in the travel path in young subjects. However, it is not clear in the literature if a more complex task exacerbates the gait asymmetry and also if the position of a second obstacle affects the asymmetry. Therefore, we aimed to analyze inter-limb asymmetry while crossing a single obstacle and double obstacles (with different distances between them) in people with PD and healthy older adults. We hypothesized that (i) people with PD would present higher asymmetry during obstacle crossing than healthy older people, (ii) environments with double obstacles would increase the asymmetry of obstacle crossing parameters of people with PD, and (iii) the asymmetry would be dependent on the second obstacle location, where a short distance could represent more challenge to constrain the distance and require the participants to perform dual obstacle crossing in sequence. Table 1 presents the characteristics of both groups. There were no significant differences between the PD group and CG group regarding the demographic characteristics. All participants successfully completed the task (without tripping). Table 2 and Fig. 1 show gait characteristics and Asymmetry Index of the step crossing, respectively. A main effect of group for leading (F 1,36 = 4.425; p = 0.042, pη² = 0.109) and trailing toe clearance (F 1,36 = 16.253; p < 0.001, pη² = 0.311) and main effect of condition for trailing toe clearance (F 2,72 = 3,127; p = 0.05, pη² = 0.08) were identified. The PD group showed higher leading and trailing toe clearance asymmetry than the CG. In addition, participants increased asymmetry in the Double-50 compared to Single condition (p = 0.013). There was no interaction between factors.
Results

Discussion
We hypothesized that people with PD would present more asymmetry during obstacle crossing than healthy older people, mainly in environments with double obstacles, and this would be related to the second obstacle location. Our hypotheses were partially confirmed. Indeed, people with PD presented higher asymmetry than healthy older controls, which was observed in both leading and trailing toe clearance. Although we expected the second obstacle position to increase the asymmetry mainly in PD, the presence of double obstacles indicated a similar increase in asymmetry in both groups. Our results showed that in an environment with double obstacles positioned closer together, participants increased trailing toe clearance asymmetry compared to the single obstacle condition. Unexpectedly, no significant differences were found in temporal variables. In the following paragraphs, we discuss the higher asymmetry in the PD group, the increased gait asymmetry caused by the second obstacle in both groups, and the absence of higher asymmetry in temporal variables.
PD leads to increased asymmetry during obstacle crossing. The current results showed that people with PD present higher asymmetry in leading and trailing toe clearance than healthy older people. The obstacle crossing parameters, especially toe clearance, are treated carefully as a reduction in these variables could increase the likelihood of tripping over obstacles 22 . Previous studies have shown that people with PD present reduced toe clearance Table 2 . Gait characteristics of crossing step for both more affected (MAS) and less affected (LAS) limbs of PD group and both dominant limb (DL) and non-dominant limb (NDL) of control group (CG). parameters compared to a control group during single obstacle 23, 24 and double obstacle conditions 20 . However, these studies did not analyze the differences between lower limb preferences and obstacle crossing role -leading and trailing limbs. The current results extend the existing knowledge by revealing that the toe clearance depends on which limb acts in each role during the obstacle crossing, higher asymmetric behavior in obstacle crossing was observed, indicating shorter distance, in MAS/NDL than LAS/DL, which could represent a higher risk of tripping. This higher asymmetry in people with PD might be a result of the disease pathophysiology. Degeneration of nigral dopaminergic neurons in basal ganglia is more predominant in one of the sides of the brain, consequently, the signs and symptoms, such as tremor, bradykinesia, and hypometria, are more evident in the contralateral side 9 , which could also be expressed in walking. An increased asymmetry index in trailing toe clearance in the Double-50 compared to single obstacle qualitatively agrees with the idea that more challenging tasks indicate higher asymmetric gait outcomes. Previous studies have shown that challenging gait conditions, such as obstacle crossing or dual task walking, lead to increased gait asymmetry in people with PD compared to healthy older people 3, 17 . However, our findings demonstrated that both people with PD and healthy controls showed higher gait asymmetry during the more challenging condition. Environments with obstacles increase the cognitive (processing and action planning), sensory (information from the environment), and motor (adaptive movements) demands to perform the task 25, 26 . Thereby, due to age-related impairment in motor, cognitive, and sensory (visual, proprioceptive, and vestibular) systems 25, 27, 28 , locomotion in environments with obstacles becomes a challenging task, which can result in increased gait asymmetry. It is worth highlighting that the role of each limb seems to be relevant to the obstacle crossing. A decline in performance is usually observed when people with PD and older adults are forced to use the more affected/non-dominant limb to perform tasks such as standing still on a single leg 16 , an action towards a goal, and in this specific case, stepping over obstacles.
The location of the second obstacle influences the toe clearance asymmetry in both PD and healthy older adults. The current findings revealed that when obstacles are positioned closer together (50 cm distance), the trailing toe clearance asymmetry increases. Previous studies have demonstrated that both people with PD 29 and older people 30 prematurely transfer their gaze to the next target (obstacle) prior to completing the ongoing step, which is associated with loss of accuracy and precision of stepping movements. Therefore, we speculate that, due to the proximity between obstacles, the participants prioritize the planning of the next obstacle over the execution of ongoing steps and this may increase the asymmetry of trailing toe clearance. In addition, an alternative explanation is that the first obstacle could be affecting the crossing of the second obstacle. The 50cm-distance forces the subject to cross the second obstacle in an unstable condition. For instance, differently to crossing the first or the Double-108 condition, in which the participant is transferring the center of mass from a relatively stable to an unstable condition, the Double-50 requires the participants to cross the second obstacle immediately after the first one, in which the participant comes from one unstable condition to another unstable condition. In this latter case, the participants may direct attention to the second obstacle prematurely, which could similarly affect their safety to cross the obstacle between MAS/NDL and LAS/DL, increasing the asymmetry due to the poorer performance of MAS/NDL. This alternative explanation would be reasonable in the experimental studies which indicated that older adults and people with PD present a decline in motor performance to deal with sequential motor actions, representing a delay in planning and processing [31] [32] [33] . However, future studies should analyze gaze behavior, attention, and center of mass displacement to confirm these hypotheses.
Unexpectedly, there was an absence of higher asymmetry in temporal variables. These findings contradict the results of previous literature, which reported higher asymmetry in swing time in people with PD 3-6 . However, these previous studies analyzed gait asymmetry during unobstructed walking. A possible explanation for low asymmetry in temporal parameters is that the obstacle may have acted as an external cue. Although the presence of the second obstacle could be a distractor to crossing the first obstacle 20 , the first one may have been used as an external cue to temporally regulate both the MAS/NDL and LAS/DL during step-crossing 34, 35 . Also, previous studies have shown that regulation of asymmetry may rely on cognitive function, such as attention 3, [36] [37] [38] . Indeed, people with PD increase the prefrontal cortex activity during obstacle avoidance 39 . This finding may indicate that these patients increase cognitive resources, such as attention, to perform the obstacle crossing, which allows greater gait control and may imply in a low temporal asymmetry between lower limbs. Nonetheless, despite expecting temporal asymmetry in a complex environment, we manipulated spatial characteristics to constrain the distance for the participants to perform adjustments which, perhaps, required spatial instead of temporal adaptations for obstacle crossing.
Despite the novel results, this study has some limitations. For instance, it is not possible to address the neurophysiologic mechanism involved in the higher asymmetry in stride outcomes, such as cortical or muscle activity analysis. We have focused our analysis on the execution of the crossing step, as this step is considered crucial to avoid falls 26, [40] [41] [42] . However, the analysis of the steps prior to the obstacles could clarify some aspects of the planning to safely obstacle crossing 43, 44 . In addition, the variability analysis could be helpful to understand the moment when modulations occur and give more information about obstacle avoidance planning 24, 45 . But, for a more robust analysis of variability, a larger number of analyzed steps/trials would be considered 46, 47 . We have analyzed six trials per condition (three trials for each lower limb). Although relevant results, our findings need to be considered with caution and future studies should analyze more steps to confirm the current results and to calculate the gait variability. Furthermore, to enhance the range of knowledge regarding gait asymmetry in challenging tasks, further studies should consider protocols to evaluate other challenging tasks, such as adding a cognitive task concomitant to obstacle crossing or changing the obstacle height in the double obstacle condition. Another limitation could be the fixed distance between the obstacles. Previous studies have also manipulated the distance between obstacles according to step length, which may change the results 18, 19 . Therefore, future studies may consider these limitations for a better understanding of the deficits caused by PD in a complex walking task.
In summary, we can conclude that, independently of the number of obstacles, people with PD show higher asymmetry in both leading and trailing toe clearance. In addition, during the double obstacle condition with obstacles positioned closer to each other, both people with PD and healthy older people increase the trailing toe clearance asymmetry compared to the single obstacle condition, showing that a more challenging environment induces asymmetry during obstacle crossing.
Material and Methods
participants. The analysis with G*Power software 48 showed that a total sample size of 38 would be necessary to obtain a power of 80% with a significance level α = 5%. Therefore, 19 people with PD and 19 healthy agematched controls (CG) were recruited. The following exclusion criteria were used: cognitive decline (Mini-Mental State Examination -MMSE score < 24) and musculoskeletal, orthopedic, and/or visual impairments that prevent the subject from performing the required tasks. Patients were included if they were diagnosed with PD according to the UK Brain Bank criteria, classified in stages I-III of the Hoehn & Yahr Scale (H&Y) 49 , and were taking PD medication. All individuals with PD were tested in the "on state" of regular PD medication (approximately 1 h after having taken a dose). The Levodopa equivalent daily dose was calculated according to Tomlinson's suggestions 50 . All subjects gave written informed consent, and the study was approved by the ethics committee of Sao Paulo State University at Rio Claro -Brazil (#26664014.5.0000.5465) according to the Declaration of Helsinki. clinical and cognitive assess. A movement disorders specialist evaluated the clinical and cognitive aspects of participants. Global cognition was assessed using the MMSE 51 in both PD and control groups. The PD group was clinically evaluated to determine their motor symptom severity and stage of PD using the motor portion of the Unified Parkinson's Disease Rating Scale (UPDRS III) 52 and the H&Y scale, respectively. obstacle crossing analysis. Participants were instructed to walk at their preferred speed on a pathway 8 m long by 0.8 m wide. Three conditions were tested: (i) walking with one obstacle (Single); (ii) walking with two obstacles with a 50 cm distance between them (Double-50); (iii) walking with two obstacles with a 108 cm distance between them (Double-108) (Fig. 2) . The inter-obstacle distance was based on the approximate stride length of people with PD 20 . Six trials were performed for each condition (three trials for each limb as the leading limb). Trials were presented in a random order. The participants were also instructed to avoid contact with the obstacle, which was positioned in the middle of the pathway. The obstacles were made of foam and were 15 cm high, 3 cm thick, and 60 cm wide.
The crossing step was analyzed, meaning that in the double obstacle condition, only the first obstacle was examined (First Double) (Fig. 2). Step length, duration, velocity, and percentage of time in swing phase were calculated using the GAITRite system (CIR System, Clifton, NJ, USA), at a frequency of 200 samples/s. In addition, we used an optoelectronic tridimensional system (OPTOTRAK Certus, Northern Digital Inc., Waterloo, Ontario, Canada), at a 100 sample/s frequency, positioned in the right sagittal plane to record the outcomes related to the www.nature.com/scientificreports www.nature.com/scientificreports/ obstacle. Four active markers were fixed at the following anatomic points: a) 5th metatarsal and lateral face of the calcaneus of the right foot; b) 1st metatarsal and medial face of the calcaneus of the left foot. Additionally, one marker was fixed at the top edge of the obstacle. Marker trajectories were filtered with a fifth-order Butterworth low-pass filter, with a cutoff frequency of 6 Hz. Leading and trailing foot placement before the obstacle (horizontal distance from the metatarsal marker to the marker at the top edge of the obstacle) and leading and trailing toe clearance (vertical distance from the metatarsal marker to the top edge of the obstacle marker at the moment of crossing) were calculated in Matlab 7.0 (The Maths Works Inc.).
Gait asymmetry. The sum of scores of UPDRS III items 20 to 26 was used to determine the clinically more affected side (MAS) and the opposite less affected side (less affected side: LAS). These items refer to rest tremor, action or postural tremor, rigidity, finger taps, hand movements, rapid alternating movements of the hands, and leg agility, respectively. The MAS is defined by higher scores in these items. Footedness was assessed by asking all participants to kick a ball to hit a target. The limb that each individual chose to kick the ball was considered the dominant limb (DL). The asymmetry between the MAS and LAS for people with PD and the DL and non-dominant limb (NDL) for the control group was analyzed using an Asymmetry Index (A i ) 16 An index value of zero indicates that there is no asymmetry. To calculate the A i , first, we calculated the average of each obstacle crossing parameter for each lower limb. Next, the A i for each participant was calculated according to gait conditions. In walking with obstacles, each lower limb performs a specific role (leading and trailing limb), and, thus, the A i was performed between corresponding steps (i.e., right and left leading limb - Fig. 2 ). Data analysis. The statistical analysis was performed with SPSS 22.0 for Windows ® . The level of significance was set at 5% for all analysis. The normality and homogeneity of data were tested by Shapiro-Wilk and Levene's tests, respectively. T-tests were performed to compare groups for age, body mass, and body height. MMSE score was compared between groups using the Mann-Whitney U test. A i was analyzed by two-way ANOVA, with factors for group (PD group × CG) and repeated measures for condition (Single × Double-50 × Double-108). Bonferroni post hoc test was used to localize the differences when ANOVA revealed significant interactions. The partial eta squared (pη²) statistic provided estimates of the effect sizes.
